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The COP9 Signalosome Promotes Degradation
of Cyclin E during Early Drosophila Oogenesis
F box proteins into distinct protein complexes. The F box
proteins serve as substrate-specific binding proteins
(Feldman et al., 1997; Skowyra et al., 1997).
Sergey Doronkin, Inna Djagaeva,
and Steven K. Beckendorf*
Department of Molecular and Cell Biology
University of California, Berkeley Genetic and biochemical studies have identified
Cyclin E as an SCF substrate (Dealy et al., 1999; Moberg401 Barker Hall
Berkeley, California 94720 et al., 2001; Strohmaier et al., 2001; Koepp et al., 2001).
Cyclin E binds to and activates the cyclin-dependent
kinase Cdk2 and promotes the transition from G1 to S
phase (Knoblich et al., 1994; Richardson et al., 1995).Summary
The timely appearance and disappearance of Cyclin E
in the cell is tightly regulated by ubiquitin-dependentThe COP9 signalosome (CSN) is an eight-subunit com-
plex that regulates multiple signaling and cell cycle proteolysis (Clurman et al., 1996; Won and Reed, 1996).
Failure in the oscillation of Cyclin E levels can lead topathways. Here we link the CSN to the degradation of
Cyclin E, which promotes the G1-S transition in the accelerated entry into S phase, genetic instability, and
tumorigenesis (Spruck et al., 1999; Keyomarsi and Her-cell cycle and then is rapidly degraded by the ubiquitin-
proteasome pathway. Using CSN4 and CSN5/Jab1 liczek, 1997).
Activity of the SCF complex is in turn regulated bymutants, we show that the CSN acts during Drosophila
oogenesis to remove Nedd8 from Cullin1, a subunit of the COP9 signalosome (CSN), a highly conserved, eight-
subunit complex. The CSN promotes cleavage of thethe SCF ubiquitin ligase. Overexpression of Cyclin E
causes similar defects as mutations in CSN or SCFAgo ubiquitin-like molecule Nedd8 from the cullin compo-
nent of the SCF (deneddylation; reviewed by Schwech-subunits: extra divisions or, in contrast, cell cycle
arrest and polyploidy. Because the phenotypes are heimer and Deng, 2001; Bech-Otschir et al., 2002). Al-
though the exact physiological role of the CSN remainsso similar and because CSN and Cyclin E mutations
reciprocally suppress each other, Cyclin E appears to unclear, the complex or its subunits have been impli-
cated in diverse biological processes. The CSN is re-be the major target of the CSN during early oogenesis.
Genetic interactions among CSN, SCF, and protea- quired for activation of the Jun transcription factor,
stabilization of nuclear hormone receptors, and interac-some subunits further confirm CSN involvement in ubi-
quitin-mediated Cyclin E degradation. tions with integrins. The CSN or its individual subunits
regulate the mitotic cell cycle by ubiquitination, nuclear
export, and degradation of the CDK inhibitor p27kip1 (To-Introduction
moda et al., 1999; Yang et al., 2002). CSN-associated
kinase activity promotes degradation of p53, therebyThe programmed, rapid, and substrate-specific degra-
dation of proteins by the ubiquitin-proteasome pathway allowing cell cycle progression (Bech-Otschir et al.,
2001). In Drosophila, CSN5/CSN plays a critical role inplays an important role in the finely balanced regulation
of protein activity in the cell (reviewed by Hershko and oogenesis and eye development (Suh et al., 2002; Oron
et al., 2002; Doronkin et al., 2002). Mutations in CSN5Ciechanover, 1998). Targeting of proteins for destruc-
tion is accomplished by covalent attachment, through lead to defects in embryonic axis formation due to acti-
vation of a meiotic checkpoint and subsequent inhibitionan enzymatic cascade, of polymers of the small protein
ubiquitin to the protein substrate. These polyubiquitin of Gurken translation (Doronkin et al., 2002).
We have begun to study the developmental roles oftags serve as a label for proteins that must be degraded
after completion of their duties. Polyubiquitin-tagged the CSN during Drosophila oogenesis (Doronkin et al.,
2002). Oogenesis provides an excellent system forproteins are then recognized and degraded by the 26S
proteasome, a large protease complex. studying the regulation of the mitotic cell cycle within a
cell lineage (reviewed by Deng and Lin, 2001). OocytesUbiquitin-mediated degradation is a major feature of
the cell cycle. Many cell cycle regulators, including both are produced in the ovary by progression through a
the positive cyclins and the negative cyclin-dependent series of parallel tubes known as ovarioles. The most
kinase inhibitors (CKIs), are degraded at specific points anterior part of each ovariole, called the germarium, is
in the cycle by ubiquitin addition and digestion by the a specialized structure that maintains the proliferation
proteasome. The specificity and timing of ubiquitin at- and differentiation of germline and somatic stem cells,
tachment to particular protein targets is the responsibil- generating the functional units of oogenesis, the egg
ity of E3 ubiquitin ligase complexes, acting together chambers. Oogenesis commences in region 1 at the
with E1 ubiquitin-activating enzymes and E2 ubiquitin- anterior end of the germarium when a stem cell divides
conjugating enzymes (reviewed by Deshaies, 1999). to produce a new stem cell and a distinct daughter
During the cell cycle, the SCF E3 complex is required cell called a cystoblast. This germline cystoblast divides
for the transition from G1 to S phase. The SCF includes asymmetrically four times to produce a 16-cell cyst.
three core subunits, Skp1, Cullin1 (Cdc53 in yeast), and Because cytokinesis during these divisions is incom-
Rbx1 (HRT1 in humans), which assemble with variable plete, the 16 resulting cystocytes remain interconnected
by cytoplasmic bridges called ring canals. In region 2
of the germarium one cell is selected to become the*Correspondence: beckendo@uclink.berkeley.edu
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oocyte, while the other 15 cells differentiate into poly- There were also egg chambers resulting from fusion
of adjacent chambers. In this third phenotypic class,ploid nurse cells. In each ovariole, the germline cysts
are arranged in a linear order that corresponds to their sometimes there were multiple germline cysts in the
same, aberrant egg chamber (Figure 1G). In addition, wedevelopmental age. These features offer a valuable
model for studying the role of cell divisions in cellular occasionally found giant, tumorous-like ovarioles filled
with large numbers of germline cysts that were not sepa-differentiation and patterning in a defined lineage.
In this paper, we report that CSN5/CSN mediates SCF- rated by follicle cells. Although we have yet to analyze
this phenotypic class further, it suggests that communi-dependent degradation of Cyclin E. We found that muta-
tions in CSN or SCF subunits or ectopic expression of cation between the germline and the somatic follicle
cells is disrupted.Cyclin E disrupt ovarian development and cause abnor-
mal cyst divisions and apoptosis. We demonstrate that The fourth mutant phenotype showed changes in the
apparent ploidy of the nurse cells. In some CSN5 germ-different amounts of reduction in CSN and SCF activity
can lead to opposite effects on the cell cycle. Our find- line clones, nurse cell nuclei were much larger than nor-
mal and sometimes the nuclei within a particular cham-ings reveal a strong regulatory connection between the
CSN, cell cycle control, and fly development. ber differed dramatically in size (Figure 1F).
Although each of the CSN5 alleles caused all of these
abnormal phenotypes, the frequency and severity variedResults
widely. For the CSN5 null allele, there was an interesting,
time-dependant change in the phenotype. Flies carryingCSN5 Protein Can Be Detected in Dividing
CSN5N germline clones can lay a few eggs during aGermline Cells
short period of time starting 5–6 days after heat shock-Previously, we reported that in Drosophila ovaries CSN5
induced recombination. The first eggs were morphologi-mRNA accumulates in germline cells, starting early in the
cally normal and sometimes even hatched. Eggs laid ongermarium (Doronkin et al., 2002). To begin investigating
the next day or two were very small and showed dorsalCSN5 function in early oogenesis, we immunostained
appendage defects. After that, no more eggs were laid.ovaries from wild-type females with anti-CSN5/Jab1 an-
Consistent with this observation, flies carrying markedtibodies. CSN5 appears to be expressed in all cells of
clones, dissected 5–6 days after heat shock, containedthe germarium, both germline and somatic, but at higher
some late-stage homozygous egg chambers. In olderlevels in the germline stem cells and in the mitotically
females, fewer late, homozygous egg chambers couldactive cysts in region 1 of the germarium (Figures 1A
be found, and finally development of CSN5 null germlineand 1B).
cells stopped completely. These observations suggestCoincidence between the region of higher CSN5 ex-
that wild-type CSN5 made in the germline stem cellspression and the region of permanent mitotic activity
before recombination can perdure for several days.suggested that CSN5 might be required for progression
There would be enough CSN5 to support the formationthrough the cell cycle in ovarian development. We there-
of a few normal eggs, but as stem cell divisions contin-fore wanted to test whether reduction of CSN5 can affect
ued to dilute the remaining protein, it would becomemitosis and provoke defects in oogenesis.
insufficient, and progressively more abnormal egg
chambers would be produced.CSN5 Is Required for Germline Development
Consistent with this phenotypic progression, weakTo analyze how mutations in CSN5 affect oogenesis,
mutants or strong mutants shortly after heat shockwe used several CSN5 alleles and examined viable hypo-
showed a predominance of extra cystocyte divisions.morphic combinations or homozygous germline clones
At later times, strong mutants showed a reduced number(see Experimental Procedures). Ovaries for all tested
of cystocytes and often polyploidy. The final phenotypeCSN5 alleles display similar multiple abnormalities that
was complete arrest of oogenesis at the beginning ofwe have grouped into four categories.
germline development, probably before the very firstFirst, some egg chambers displayed features of apo-
mitotic division (Figures 2D–2F). This arrest is indeedptotic cell death: cell shrinkage, nuclear condensation
CSN5 specific and can be prevented by expression ofand then fragmentation, and extensive membrane bleb-
a CSN5 heat shock transgene.bing (Figure 1D). Positive staining using the TUNEL
We also analyzed three different missense mutationsassay confirmed that loss of CSN5 could induce germ
that affect the JAMM/MPN metalloprotease domaincell apoptosis. We found occasional apoptotic egg
of CSN5, the domain that is required for deneddylationchambers at all stages of oogenesis (data not shown).
of cullins (Cope et al., 2002; Maytal-Kivity et al., 2002).In CSN5 mutants, the number of germline cells per
All three caused typical CSN5 mutant phenotypes, andegg chamber was variable, a result that might be caused
the strongest, CSN5quo2, had a severe effect on oogen-either by an incorrect number of cell divisions or by
esis, similar to a CSN5 null mutation.fusion of neighboring egg chambers. In CSN5 mutants,
we found both kinds of defective egg chambers. There
were egg chambers with 32 germline cells and five ring CSN5 and CSN4 Mutations Cause Similar
Phenotypes and Interact Geneticallycanals associated with the oocyte (Figure 1E), as well
as egg chambers with two, four, and eight germline To test for CSN5 cooperation with other subunits of the
CSN, we analyzed mitotic defects in CSN4 mutants.cells and appropriately reduced numbers of ring canals
(Figure 1F). These define the second phenotypic class, Flies carrying CSN4 mutant germline clones could also
initially lay a few eggs, probably from the very first homo-egg chambers with apparent defects in the regulation
of mitosis. zygous egg chambers. Similar to CSN5 null mutants,
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Figure 1. CSN5 Is Required for Oogenesis
(A and B) CSN5 protein expression and local-
ization during early oogenesis.
(A) In wild-type germaria, CSN5 protein accu-
mulates strongly in region 1.
(B) In CSN5 mutant germline clones (GLC),
expression of CSN5 is reduced. In all figures,
anterior is oriented to the left.
(C) Wild-type ovaries. DNA is visualized with
DAPI staining.
(D–G) CSN5 mutant egg chambers display a
variety of phenotypes: (D) apoptosis, (E) extra
or (F) fewer nurse cells, and (G) fusion of adja-
cent egg chambers.
(H–J) CSN5/CSN4 double heterozygotes
demonstrated similar abnormalities: (H) apo-
ptosis, (I) extra cell divisions, or (J) fused egg
chambers.
(K and L) CSN5 and ago interact genetically,
resulting in (K) fewer or (L) extra cell divisions.
(M) Cyclin E overexpression mimics the CSN5
loss-of-function phenotypes: fewer or extra
mitotic divisions, fusion of egg chambers,
and massive apoptosis.
(N and O) CSN5 and CSN4 interact genetically
with Rpn6, a subunit of the proteasome, and
display similar defects including changes in
the number of cell divisions, fusion of egg
chambers, and apoptosis.
oogenesis in CSN4 mutant clones was progressively are completely suppressed by mutations in either mei-
41, the Drosophila ATR homolog that governs the check-disrupted at earlier and earlier stages until it also ar-
rested at the first mitotic division (Figures 2G–2I). point, or mei-W68, the Drosophila spo11 homolog that
is necessary for the formation of DNA double-strandCSN5 and CSN4 also showed a dominant genetic
interaction. Whereas singly heterozygous ovaries were breaks during recombination (Doronkin et al., 2002). It
seemed possible that some of the mitotic or apoptoticnormal, ovaries from doubly heterozygous CSN4/;
CSN5/ flies displayed phenotypes similar to homozy- defects in CSN5 mutants might be a consequence of
meiotic checkpoint activation. To check this hypothesis,gous CSN5 mutant clones (Figures 1H–1J). We found
egg chambers with an incorrect number of germline we analyzed several hypomorphic CSN5 mutants in a
mei-W68 or mei-41 mutant background. However, therecells, fused egg chambers, and cell death, which in some
conditions could affect more than half of the egg cham- was no suppression of the germ cell number or cell
death phenotypes by mutations in either mei-W68 orbers. Thus, it is likely that in oogenesis, CSN5 and CSN4
act together as subunits of the signalosome. mei-41. We conclude that these defects are not a conse-
quence of meiotic checkpoint activation.
The Mitotic Defects in CSN5 Mutants Are
Independent of Meiotic Checkpoint Control CSN5 Mutations Affect Fusome Development
To investigate cyst formation and differentiation in CSN5As we reported previously, CSN5 participates in oocyte
axis determination through effects on the meiotic DNA germaria, we stained wild-type and CSN5 ovaries with
anti-Hts antibody to highlight the fusome that connectsrepair checkpoint (Doronkin et al., 2002). Loss of CSN5
activates this checkpoint and leads to reduced transla- all the cells of a cyst through the ring canals. Fusome
development is essential for germline cyst formation (Lintion of the EGFR ligand Gurken. Because Gurken signal-
ing is required for both dorsal-ventral and anterior-pos- et al., 1994; de Cuevas et al., 1996). In CSN5 mutant
germaria the fusome was often less branched, andterior patterning, both primary axes of the oocyte are
disrupted in CSN5 germline clones. These axis defects sometimes there were more individual fusomes than in
Developmental Cell
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Figure 2. CSN5 and CSN4 Mutations and Cyclin E Overexpression Affect Cystocyte Division and Fusome Development
(A–I) Immunostaining of wild-type and CSN5 and CSN4 mutant germaria with fusome-specific antibody to Hts. DNA is stained with DAPI.
(A) In wild-type, spherical spectrosomes, precursors of the fusome, are located at the anterior tip of the germarium. During cystocyte divisions,
the fusome becomes a branched structure.
(B) For some CSN5 mutant germline clones, the germarium contains unbranched fusomes not only at the anterior, but also more posteriorly.
(C) CSN5 germline clones sometimes have an increased number of cysts that contain fusomes.
(D–I) CSN5 or CSN4 null clones visualized by the absence of GFP. For (D)–(D″), (E)–(E″), and (F)–(F″), the channels are partially separated to
facilitate comparison of the clonal boundaries with the enlarged nuclei and spectrosomes. In these extreme phenotypes, cell division is
arrested and the cells become extremely polyploid. These germline cells often contain huge, unbranched spectrosomes (D and E).
(G) Retarded fusome development in CSN4 null clone (arrowhead).
(J and K) Cyclin E overexpression can inhibit cell proliferation: (J) reduced number of cystocytes and enlarged cell nuclei (arrowhead) in region
1-2A demonstrate mild levels of inhibition of cell division; and (K) severe defects block cell division and cause strong polyploidization.
wild-type germaria. Furthermore, spherical spectro- with enlarged cell nuclei and defective fusome develop-
ment (Figures 2G–2I). These data suggest that the intactsomes (fusome precursors) were frequently found in
more posterior regions of the germaria, probably indicat- CSN complex is required for proper cyst divisions and
fusome development.ing retarded fusome development (Figure 2B).
As previously mentioned, CSN5 null mutant clones The polyploid, nondividing germ cells may be the
germline stem cells. We never see more than three ofeventually cease mitotic divisions and often become
enormously polyploid. Along with the increase in DNA, these large polyploid cells in a particular germarium,
and they retain contact with somatic cells that probablythese cells often contain oversized spectrosomes or
structures similar to a fragmented fusome, indicating correspond to the basal and terminal filament cells of
normal germaria.dramatic changes in fusome development (Figures 2D
and 2E). Some mutant clones lacked spectrosomes/
fusomes (Figure 2F). Usually, these clones were found Reduction of CSN5 Alters the Temporal
Control of Mitosisa significant time after heat shock and were localized
in ovarioles with no subsequent germline development. To check for CSN5 involvement in S phase progression,
we used BrdU incorporation to monitor DNA replication.CSN4N mutant clones show similar undifferentiated cysts
CSN Promotes Cyclin E Degradation in Drosophila
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Figure 3. Cell Cycle Progression Is Affected
in CSN5 Mutant Ovaries
(A) In wild-type germaria, strong BrdU incor-
poration is limited to region 1.
(B) CSN5 mutant germaria show strong incor-
poration of BrdU in an expanded region and
in an increased number of cells.
(C) Phospho-histone H3, a mitosis marker, is
present in dividing cystoblasts in region 1 in
wild-type germaria.
(D) In CSN5 mutant germaria, the region of
phospho-histone H3 accumulation is ex-
panded and contains more cells.
(E) Cyclin A is periodically expressed during
mitotic cycles in region 1 in wild-type germaria.
(F) In CSN5 mutant germaria, Cyclin A expres-
sion is sometimes prolonged.
(G and H) Western blots revealed slightly re-
duced levels of Cyclin A and Cyclin B in CSN5
mutant ovaries.
In wild-type, strong BrdU incorporation was restricted germaria, high levels of Cyclin E were found in the mitoti-
cally active region 1 (Figure 4A). In region 2, cells enterto region 1 in the germarium (Figure 3A). A significantly
endoreplication, and Cyclin E expression was reducedweaker signal can be seen in later stages due to endo-
to barely detectable levels. In 134 CSN5 mutant germ-replication in nurse cells. Under the same conditions,
aria, the region of strongest Cyclin E expression wasthere were S phase cells in more posterior regions of
often broader and included more cells, consistent withhypomorphic CSN5 germaria, and sometimes a large
results for Cyclin A and cell cycle markers, indicatingnumber of cells were simultaneously in S phase (Figure
delayed mitosis. However, in contrast to Cyclins A and3B). The M phase marker anti-phospho-histone H3 is
B, Cyclin E accumulated at higher than normal levels inalso normally restricted to region 1 of the germarium
CSN5 mutant germline cells in region 1 (Figures 4B and(Figure 3C). In hypomorphic CSN5 germaria, this marker
4C). During endoreplication in wild-type nurse cells,was often seen more posteriorly in agreement with the
Cyclin E levels oscillate asynchronously, so that only achanges in S phase (Figure 3D). These data indicate, in
few cells per cyst show high Cyclin E at the same time.agreement with the fusome data, that mutations in CSN5
In contrast, in CSN5 mutant clones, cells expressedcan delay mitotic progression leading to improper cyst
Cyclin E at nearly uniform levels, indicating a disruptiondevelopment.
of Cyclin E oscillation (Figures 4E and 4F). Giant nuclei
in CSN5 null mutant germaria almost always showed
CSN5 Regulates Cyclin E Degradation Cyclin E expression (Figure 4D).
Because CSN5 mutations affect cell cycle progression An anti-Cyclin E Western blot of whole, wild-type ova-
in the ovary, we tested whether the cell cycle regulators ries shows two clusters of bands corresponding to the
Cyclins A, B, and E were affected. There was little effect two Drosophila isoforms Cyclin EI and Cyclin EII (Figure
on Cyclins A or B other than a posterior expansion of 4G; Richardson et al., 1993). A slowly migrating band
expression as seen for other markers of mitotic progres- was seen in ovaries containing CSN5L4032 germline
sion (Figures 3E–3H). In contrast, Cyclin E patterning clones, consistent with the accumulation of a modified
form of Cyclin E. Phosphatase treatment increased theand accumulation were highly abnormal. In 75 wild-type
Developmental Cell
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Figure 4. Accumulation of Cyclin E Is In-
creased in CSN5 Mutants
(A–F) Immunostaining for Cyclin E.
(A) In wild-type, Cyclin E is expressed
strongly in the mitotically active region 1 in
the germarium.
(B and C) Hypomorphic CSN5 mutant germ-
aria contain an increased number of cells
expressing Cyclin E at high levels and this
region extends further posteriorly than in
wild-type.
(D and D″) CSN5 null mutant polyploid nuclei
in the germarium accumulate Cyclin E.
(E) In egg chambers at later stages, wild-type
nurse cell nuclei express Cyclin E periodi-
cally.
(F) In CSN5 mutant nurse cell nuclei, Cyclin
E can be detected more frequently and in
more cells per egg chamber, suggesting that
cycling is affected.
(G) Western blots of wild-type and CSN5
germline clone ovaries immunostained for
Cyclin E. Heat shock-induced overexpression
of Cyclin EI and Cyclin EII were used as mobil-
ity markers to distinguish the isoforms. CSN5
mutants accumulated a low mobility band.
Alkaline phosphatase treatment showed that
this band is a phosphorylated derivative of
Cyclin EII.
mobility of this band to correspond to Cyclin EII, sug- to transiently overexpress Cyclin EII with or without con-
current CSN5 overexpression. Degradation of Cyclin EIIgesting that a phosphorylated form of Cyclin EII accu-
mulates in CSN5 mutant cells, although there is little or was then monitored with time after heat shock. In CSN5
ovaries, the overexpressed Cyclin EII was strongly re-no effect on Cyclin EI. Accumulation of phosphorylated
Cyclin E is the expected result if phosphorylation- duced by 2 hr and absent by 4 hr after heat shock (Figure
5A). In CSN5 hypomorphic mutants, the overexpresseddependent ubiquitination by the SCF were blocked
(Strohmaier et al., 2001; Koepp et al., 2001). Taken to- Cyclin EII was more stable, with substantial amounts
still present at 2 hr and some remaining at 4 hr (Figuregether, these observations indicate a requirement for
CSN5 in the regulation of Cyclin E, possibly through 5B). Note that the level of CSN5 protein in these ovaries
was lower than in CSN5 but remained easily detectable.phosphorylation-dependent degradation by the pro-
teasome. Unfortunately, analysis of stronger CSN5 mutants,
which might have given a stronger effect, was impossi-To test more directly whether CSN5 regulates Cyclin
E degradation, we used heat shock-driven constructs ble due to their lethality. Most strikingly, we found that
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This conclusion is strengthened by genetic interac-
tions between CSN5 and CycE loss-of-function muta-
tions. Hypomorphic, viable CycE mutant flies have rough
eyes and have ovarian defects that include a reduced
number of cystocyte divisions (Secombe et al., 1998;
Lilly and Spradling, 1996; see Table 1). Mutations in
CSN5 dominantly suppress both ovarian and eye de-
fects for these CycE mutations (Table 1 and data not
shown). Conversely, CycE mutations dominantly sup-
press the CSN5 mutant ovarian phenotype and even
increase the viability of CSN5 mutants. These results
emphasize the specificity of the CSN regulation of Cyclin
E degradation. The many other potential CSN targets
appear to have little effect on the cystocyte divisions.
Mutations in CSN5 and CSN4 Lead to Accumulation
of Neddylated Cullin1
Degradation of phosphorylated Cyclin E can be medi-
ated by the SCF ubiquitin ligase complex (Dealy et al.,
1999; Moberg et al., 2001; Strohmaier et al., 2001; Koepp
et al., 2001). Because phosphorylated Cyclin E accumu-
lates in CSN5 mutants, we wanted to test whether CSN5
regulates Cyclin E degradation by acting through the
SCF. CSN function has been linked to the SCF by its
ability to remove the ubiquitin-like protein Nedd8 from
the SCF subunit Cullin1 (Lyapina et al., 2001).
To see whether this deneddylation activity is required
in vivo, we analyzed the effect of CSN5 and CSN4 muta-
tions on Cullin1 and Nedd8 proteins. Western blots ofFigure 5. Alterations in CSN5 Expression Regulate the Stability of
Cyclin E protein from wild-type, CSN5, or CSN4 larvae revealed
an elevated level of Cullin1 protein with slower mobility(A) In CSN5 ovaries, overexpressed Cyclin E is rapidly degraded.
(B) With reduced expression of CSN5, overexpressed Cyclin E is in the mutants (Figure 6A). The reduced mobility is prob-
more slowly degraded. ably caused by covalent attachment of Nedd8 to Cullin1
(C) Simultaneous overexpression of Cyclin E and CSN5 dramatically because reprobing the blot showed that Nedd8 comi-
increases Cyclin E degradation. Our preliminary results suggest that
grated with the slower form of Cullin1 and accumulatedthe reduction in Cyclin E mobility as it disappears is at least in part
in CSN5 or CSN4 homozygous mutants (Figure 6B). Notedue to ubiquitin conjugation (data not shown).
that accumulation of neddylated Cullin1 in CSN5 null
mutants is stronger than in hypomorphic CSN5 mutants.simultaneous overexpression of CSN5 and Cyclin EII
Larvae homozygous for CSN5quo1, a missense mutationsignificantly increased Cyclin EII degradation (Figure
in the JAMM metalloprotease domain of CSN5, also accu-5C). Now the overexpressed Cyclin EII was strongly re-
mulated neddylated Cullin1 (data not shown). These re-duced by 1.5 hr and gone by 3 hr. Transient overexpres-
sults demonstrate in vivo that deneddylation of Cullin1,sion of Cyclin EI along with CSN5 showed that Cyclin
and by inference the activity of the SCF ubiquitin ligase,EI degradation is also CSN5 dependent (data not shown).
require a functional CSN complex.We conclude that CSN5 stimulates Cyclin E degra-
Immunostaining of ovaries from wild-type and CSN5dation.
germline clones revealed a remarkable difference in theWe also overexpressed Cyclin E in wild-type flies to
subcellular localization of Cullin1. Although Cullin1 isdetermine its effects on oogenesis when the CSN was
found mostly in the nucleus in wild-type ovarioles, itnot mutant. Flies carrying either a heat shocked CycEI or
accumulates in the cytoplasm in CSN5 mutants (FiguresCycEII construct were kept at 29C to induce permanent
6C and 6D). This unusual cytoplasmic localization mayoverexpression of Cyclin E at moderate levels. Interest-
correspond to the accumulation of neddylated Cullin1ingly, flies for both lines showed a range of oogenesis
seen in the Western blots of CSN5 mutants. Thus, CSN5defects that was very similar to the range of CSN5 mu-
may regulate the subcellular localization of Cullin1 andtant defects. Most Cyclin E overexpressing ovarioles
possibly the entire SCF complex.contained defective egg chambers with abnormal cysto-
cyte divisions, abnormal polyploidy, apoptosis, or sev-
CSN and SCF Act in the Same Pathwayeral of these defects (Figure 1M). Importantly, we found
Strong mutants for cullin1 (lin19) and Nedd8 cause larvalthat in some cases, overexpression of Cyclin E can in-
lethality (Ou et al., 2002). To evaluate further the role ofhibit and finally stop cyst division and cause enormous
these genes in oogenesis, we generated Nedd8 andpolyploidization (Figures 2J and 2K). The similarities be-
cullin1 germline clones. These clones showed variable,tween these phenotypes and those caused by loss of
time-dependant ovarian defects similar to the CSN5 orCSN5 or CSN4 suggest that Cyclin E is the major target
of the CSN in early oogenesis. CSN4 mutant phenotype. However, even at early times
Developmental Cell
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Table 1. Mutations in CSN5 and Cyclin E Reciprocally Suppress Each Other
Germline Cells per Egg Chamber (Percentage)
Genotype 4 Cells 8 Cells 16 Cells 32 Cells
A CycEJP 25oC 0 6.8 93.2 0
CycEJP; CSN5quo2/ 25oC 0 0 100 0
CycEJP; CSN5quo3/ 25oC 0 0.4 99.4 0.2
B CycEJP/CycEAR95 18oC 0 37.7 62.3 0
CycEJP/CycEAR95; CSN5L4032/ 18oC 0 24 76 0
C CycEJP/CycEAR95 29oC 0.5 85 14.5 0
CycEJP/CycEAR95; CSN5L4032/ 29oC 0 76.9 23.1 0
D CSN5L4032/CSN5ex21 18oC 0 0 95.1 6.3
CycEAR95/; CSN5L4032/CSN5ex21 18oC 0 2.1 97.3 0.6
E CSN5L4032/CSN5ex13 18oC 0 0 89.9 10.1
CycE05206/; CSN5L4032/CSN5ex13 18oC 0 0.6 96 3.4
(A–C) CSN5 mutations dominantly suppress the eight-cell phenotype of hypomorphic CycE mutations.
(D and E) Reduction of Cyclin E suppresses the extra cell division caused by CSN5 mutations. More than 500 egg chambers were analyzed
and counted for each mutant genotype.
after heat shock, we never saw any eggs derived from actions between cullin1 and either CSN5 or CSN4. Ova-
ries from doubly heterozygous females display variousflies carrying cullin1 or Nedd8 mutant germline clones,
suggesting that Cullin1 and Nedd8 proteins may not defects: cell death, abnormal number of nurse cells per
egg chamber, and loss of stalk cells (data not shown).persist long after the generation of homozygous clones.
Similar to CSN5 and CSN4 null mutant clones, both We did not detect a dominant genetic interaction be-
tween Nedd8 and either CSN5 or CSN4. This fact isNedd8 and cullin1 mutant germline clones may be ar-
rested at early stages of oogenesis, sometimes produc- not surprising because in CSN5 mutants, we found an
accumulation of neddylated Cullin1, and a modest re-ing highly polyploid, one-cell cysts (data not shown).
Furthermore, we found strong dominant genetic inter- duction in Nedd8 expression in double heterozygotes
Figure 6. CSN5 and CSN4 Are Required for
Deneddylation of Cullin1 in Drosophila
(A and B) Western blot analysis of wild-type,
cullin1, CSN5, and CSN4 mutants with anti-
bodies to Cullin1 and Nedd8. Cell extracts
were prepared from wild-type, cullin1(lin19)
homozygous larvae, and CSN5 and CSN4
mutant homozygous larvae that were marked
by the absence of GFP expression.
(A) Neddylated Cullin1 accumulates in CSN5
and CSN4 mutants. Cullin1 is strongly re-
duced in cullin1 mutants.
(B) Nedd8 bands coincide with the neddy-
lated Cullin1 bands in (A).
(C and D) CSN5 alters cellular localization and
accumulation of Cullin1 protein.
(C and C) In wild-type germaria, Cullin1
(green) is mostly nuclear and coincides with
DAPI (blue) staining (arrows). A cluster of mi-
totically active germline cells in region 1 ac-
cumulates Cullin1 at elevated levels.
(D and D) In CSN5 germline clones, there are
reduced levels of Cullin1 in region 1. More
posteriorly, Cullin1 accumulates largely in the
cytoplasm (arrows).
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Figure 7. ago Mutants Have Elevated Cyclin
E Levels, Cell Cycle Defects, and Enlarged
Heterochromatic Regions in Their Nuclei
(A–A″ and B–B″) ago mutant clones marked
by the loss of GFP preferentially accumulate
Cyclin E.
(C–C″) Some ago mutant clones display a lack
of mitotic divisions and enlarged nuclei.
(D) Wild-type nurse cell nuclei show regions
of compact heterochromatin (arrowheads).
(E) In ago mutant clones, regions of compact
heterochromatin are greatly enlarged.
would be expected to suppress the CSN5 mutant phe- accumulation in ago clones correlated with significantly
DAPI-bright regions in nurse cell nuclei (Figures 7D andnotype.
7E). Because these regions are likely to include hetero-
chromatic sequences that are usually underreplicatedF Box Protein Archipelago Participates in Cyclin
E Degradation in Oogenesis during endoreplication (Lilly and Spradling, 1996), their
enlargement may indicate a more complete replicationThe Drosophila F box protein Archipelago (Ago) was
proposed to target Cyclin E for ubiquitin-mediated deg- of both heterochromatic and euchromatic sequences in
ago clones. Although we do occasionally see enlargedradation in imaginal discs (Moberg et al., 2001). We used
the hypomorphic alleles ago1, ago3, and ago4 to test for heterochromatin-rich regions in CSN5 mutants and after
Cyclin E overexpression, this phenotype is stronger ina similar role in Cyclin E degradation during oogenesis.
Immunostaining showed that ago mutant clones marked ago mutants, possibly suggesting a more specific role
for ago in regulation of late replication.by lack of GFP persistently accumulate Cyclin E at high
levels (Figures 7A and 7B). With one addition, these In addition to the similar phenotypes between ago
mutants and CSN, Nedd8, or cullin1 mutants, we foundclones showed a similar range of phenotypes as those
seen in CSN5 or CSN4 mutants or after overexpression dominant interactions between ago and CSN mutants.
CSN5/ago and CSN4/ago double heterozygotes showedof Cyclin E. Some mutant cysts had extra nurse cells
and some had fewer than normal, and many were degen- familiar ovarian defects: extra cystocyte divisions, fewer
divisions but higher ploidy, and apoptotic egg chamberserating. Some cysts had been arrested after the stem
cell division and some of these single-cell cysts were (Figures 1K and 1L). These defects were very similar to
the CSN5 mutant phenotype and to defects in oogenesispolyploid (Figure 7C). Prominent in the ago clones was
a phenotype we had not previously noticed. Cyclin E induced by Cyclin E overexpression. In addition, these
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double heterozygotes had enlarged heterochromatic re- cerevisiae CSN5 homolog Rri abolish its deneddylation
activity and enhance the growth defect shown by tsgions in nurse cell nuclei, suggesting mutual CSN-ago
control of late replication. alleles of SCF genes (Cope et al., 2002). These results
led to the proposal that repeated cycles of neddylation
and deneddylation are required for the sustained activityCSN5 and CSN4 Interact Genetically with Rpn6,
of the SCF (Lyapina et al., 2001; Schwechheimer et al.,a Proteasome Mutation
2001; Cope et al., 2002). However, a recent gain-of-The regulatory lid of the proteasome is an eight-subunit
function analysis suggested that deneddylation by thecomplex that is closely related to the CSN. It appears
CSN inhibits degradation of the SCF target p27kip1 (Yangto be necessary for the removal of ubiquitin side chains
et al., 2002).from the target protein as it is fed into the barrel of
Our results strongly support the idea that deneddyla-the proteasome for proteolysis (Verma et al., 2002). We
tion of cullin1 by the CSN is necessary for activity oftested a mutation in the RPN6 subunit of the regulatory
the SCF complex. CSN mutations have the same, notlid for genetic interactions in oogenesis with CSN4 and
opposite, effects on oogenesis as do Nedd8, cullin1, orCSN5 mutations. Both double heterozygotes showed a
ago mutations. CSN5 and CSN4 mutations also interactstrong interaction and the full range of CSN5-like ovarian
dominantly with cullin1 and ago mutations, further sug-defects, including apoptosis, incorrect number of mi-
gesting that the CSN works along with the SCF to pro-totic divisions, and fusions of neighboring egg chambers
mote Cyclin E degradation. These requirements for the(Figures 1N and 1O).
CSN appear to demand its deneddylase activity, as the
CSN5quo2 mutation, with a single amino acid substitutionDiscussion
in the metalloprotease domain, behaves similarly to a
CSN5 null.The CSN Regulates Cyclin E Degradation
Cycles of neddylation and deneddylation might con-Our results show that the CSN regulates the turnover
trol the association of an F box protein with an E3 ubiqui-of Cyclin E. Decreased expression of CSN5 increased
tin ligase core complex or the association of a ubiquitin-Cyclin E stability, and increased CSN5 expression stimu-
loaded E2-conjugating enzyme with the E3 complexlated rapid Cyclin E degradation. CSN5 mutations and
(Schwechheimer and Deng, 2001). Neddylation mightCyclin E overexpression produce remarkably similar
also affect Cullin1 stability as suggested by the Cullin1oogenesis defects, suggesting that the major role of
accumulation that we see in CSN5 mutants and its re-CSN5 during mitosis in early oogenesis is to regulate
duction in Nedd8 mutants (Ou et al., 2002).Cyclin E levels. This finding was further confirmed by
the reciprocal suppression between CSN5 and CycE
CSN Affects Cullin1 Intracellular Localizationmutations.
Conjugation of Nedd8 to cullins may regulate not onlyThis level of specificity is remarkable given the wide
their activity, but also their subcellular distribution. Shut-variety of signaling, transcriptional, and cell cycle regu-
tling between the nucleus and cytoplasm has been pro-latory roles reported for the CSN (Schwechheimer and
posed as a regulatory mechanism for E3 ubiquitin li-Deng, 2001). Although its role in Drosophila develop-
gases when the target protein is ubiquitinated in thement is just beginning to be understood, the CSN clearly
nucleus (Lee et al., 1999). Our results showing that inhas multiple roles here, too. In addition to Cyclin E turn-
CSN mutants, Nedd8-modified Cullin1 accumulates inover, Drosophila CSN is implicated in DNA repair, both
the cytoplasm suggest that neddylation may be one wayat the level of meiotic recombination in the germarium
to regulate shuttling. Neddylation might favor nuclearand during larval development (Doronkin et al., 2002;
export of Cullin1, and nuclear CSN would be requiredOron et al., 2002). There are also indirect suggestions
to remove Nedd8 and prevent export. Alternatively, ned-that the CSN or some of its individual subunits are re-
dylation might prevent Cullin1 nuclear import, and recy-quired for ecdysone responses or for blood cell develop-
cling of SCF into the nucleus would require cytoplasmicment (Oron et al., 2002). In addition, demonstrated roles
CSN. On either model, the CSN would be an importantfor Drosophila Nedd8 or SCF subunits in degradation
regulator of SCF activity. For example, modulation ofof -catenin/Armadillo and Cubitus interruptus (Jiang
SCF nuclear shuttling might affect the timing of Cyclinand Struhl, 1998; Ou et al., 2002) may foreshadow CSN
E degradation and entry into S phase of the cell cycle.involvement in those processes. Although these multiple
roles might suggest pleiotropic rather than specific phe-
notypes, the CSN may have a limited number of targets Disruption of CSN-Dependent Cyclin E Turnover
in any particular tissue at a particular time in develop- Can Either Activate or Block the Cell Cycle
ment. One of the important results of the current work is the
demonstration that the CSN regulates the cell cycle in
ovaries primarily through the turnover of Cyclin E. TheThe CSN Promotes SCF Activity
The effect of the CSN on the activity of the SCF complex apparent perdurance and gradual dilution of wild-type
CSN5 protein in genetically null germline clones showedhas been controversial. Although Nedd8 modification
of Cullin1 stimulates SCF activity (Read et al., 2000; that reduced Cyclin E degradation affected both cell
division and DNA replication. Slight reductions causedMorimoto et al., 2000), the opposite process, deneddyla-
tion, was also shown to be important for SCF function an extra division of the cystocytes. In contrast, continu-
ous or strong accumulation of Cyclin E in null CSN5and cell cycle progression (Lyapina et al., 2001;
Schwechheimer et al., 2001; Cope et al., 2002). For ex- mutants was able to reduce or stop cell divisions though
often allowing endoreplication to continue. This switchample, point mutations in the JAMM domain of the S.
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Sb. Clones mutant for other genes were generated in a similar man-from overproliferation to inhibition of cell divisions was
ner. Flies with genotype w hsFLP; P{neoFRT}42D CSN4N or k08018/sometimes visible in a single CSN5 mutant ovariole as
CyO or w hsFLP; P{neoFRT}42D lin19k01207/CyO were mated with w;the wild-type CSN5 protein was diluted by stem cell
P{neoFRT}42D P{Ubi-GFP(S65T)nls}2R/CyO. Flies with genotype w
divisions. These observations support the view that dif- hsFLP; P{FRT(w[hs])}G13 CSN4k08018/CyO were mated with P{FRT
ferent Cyclin E levels can lead to distinct and sometimes (w[hs])}G13 P{ovoD1-18}2R/CyO. Flies with genotype w; ago* P{neoFRT}
80B/TM6B were mated with w hsFLP; P{Ubi-GFP(S65T)nls}3Lopposite effects.
P{neoFRT}80B/TM3.Mutations in Drosophila ago, the C. elegans gene cul1,
For pulse-chase experiments, flies carrying an hsCycE constructor the F box-encoding lin23 have been shown to cause
were transferred to 38C for 30 min and then dissected at 30 minincreased cell proliferation, suggesting a critical role for
intervals.
SCF in regulating cell divisions (Kipreos et al., 1996, w1118 flies were used as a control in genetic interaction crosses.
2000; Moberg et al., 2001). We also found extra cell Crosses were usually maintained at three different temperatures:
18C, 25C, and 29C. For most crosses, genetic interactions weredivision to be a frequent phenotype produced by muta-
most obvious at either 18C or 29C.tions in CSN5, CSN4, cullin1, ago, or by overexpression
Flies carrying a GFP balancer were used for selection of homozy-of Cyclin E. However, SCF and CSN mutations have also
gous mutant larvae.been shown to cause the opposite effect on the cell
cycle. In null mutant clones of cullin1 or Nedd8, cell
Immunohistochemistry and Western Blots
proliferation in Drosophila eye disks is arrested (Ou et For immunostaining and Western blots the following antibodies were
al., 2002). Similarly, we found that loss of CSN5, CSN4, used: mouse monoclonal anti-CSN5/Jab1 (GeneTex), rabbit poly-
Cullin1, or ago inhibits and finally stops cell proliferation clonal anti-Cullin1 (Zymed), rabbit polyclonal anti-phospho-histone
H3 (Upstate Biotechnology), and mouse monoclonal anti-Cyclin Eand often leads to enlarged nuclei. The abundance of
(a gift from H. Richardson). DNA replication was assayed by incorpo-Cyclin E and giant polyploid nuclei were also present in
ration of BrdU and detected with mouse monoclonal anti-BrdU (Bec-mice that were mutant for cul1 (Dealy et al., 1999; Wang
ton Dickinson).
et al., 1999).
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